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ABSTRACT

Experimental and computational techniques are used to study physico-chemical
phenomena occurring in water on which hydrophobic interactions play a role. In particular,
hydrophobic self-aggregation, including host-guest binding, and the affinity of ions to oil/water
interfaces are investigated. Raman multivariate curve resolution (Raman-MCR) spectroscopy was
the experimental technique used to unveil intermolecular interactions through the analysis of
solute-correlated (SC) vibrational spectra. Molecular simulations, including molecular dynamics
(MD) simulations, quantum-mechanical calculations, or a combination of both, were carried out

to assist with the molecular-level interpretation of the experimental SC spectra.
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CHAPTER 1. EXPERIMENTAL AND COMPUTATIONAL METHODS

1.1 Raman Spectroscopy

Raman spectroscopy is an analytical technique which typically probes the vibrational states
of molecular systems. It is based in the interaction of light with molecules on a phenomenon known
as inelastic or Raman scattering. Specifically, a very minuscule number of photons of
monochromatic light excite molecular vibrations of molecules, which ultimately relax and emit
photons with frequencies different to that of the incident light. The frequencies of these
inelastically scattered photons can be either lower (Stokes scattering) or higher (anti Stokes
scattering) than the frequency of the incident light. The rest of the incident photons also produce
vibrationally excited molecules, which after relaxation, emit photons with the same (Rayleigh
scattering) frequency as that of the excitation photons.

1.2 Instrumentation

The Raman spectra reported herein were obtained using a home-built Raman system
described in previous publications.'® In short, it was comprised of an Ar-ion laser source
(514.5 nm), a thermoelectrically cooled charge coupled device (CCD) camera (Pixis 400,
1340%400 pixels, Princeton Instruments Inc.) coupled to an imaging spectrograph (SpectraPro300i,
Acton Research Inc.) with a 300 grooves/mm grating which produced a dispersion
of ~5 cm Y/CCD pixel. The laser light (~20 mW) was focused on the center of a 1 cm sample cell
(glass cuvette, round glass vial, or glass capillary tube) using a 20x microscope objective
(Mitutoyo Inc.). The Stokes Raman scattered photons were collected with the same optical path
used for the incoming laser beam and transferred to the spectrograph using a fiber bundle
consisting of seven (100 pum core diameter) fibers arranged in a circular array at the collection end
and in a linear stack at the detection end. Additionally, this system included a temperature-
controlled sample holder which kept the set temperature within £0.01 °C. In the sample holder,
each sample, except those in a glass cuvette, was housed in a 1 cm square copper block.

A Ne discharge lamp, coupled with a band pass filter, was used such that a reference
emission line appeared in every spectrum. This line was used to adjust the spectra, so the Ne

emission lines overlapped at identical wavelengths. The spectra were shifted in order to correct for
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sub-pixel wavelength shifts generated by atmospheric pressure changes occurring during
acquisition.

At the end of each experiment, a wavelength calibration was performed by collecting the
emission spectrum of a Ne discharge lamp. The calibration procedure involved correlating known
wavelengths of six neon peaks to the corresponding CCD pixel number using a third order
polynomial. The calibration equation was used to calculate the wavelength for each CCD pixel

and the wavelengths were then converted into wavenumbers using Equation 1.

(1-1)

B 107nm(1 1)
V:

I cm x_ex'i

where A, and A are the wavelength of the excitation laser and the wavelength of the Raman

scattered photons expressed in nm, respectively.

1.3 Multivariate Curve Resolution

Multivariate Curve Resolution (MCR) refers to a set of algorithms used to decompose a

matrix D (m x n) into two matrices C (m x k) and S* (k x n) according to Equation 2:
D=CS"+E (1-2)

D corresponds to a matrix that encompasses m mixtures, S’ is a matrix containing k pure
components, and C is a matrix with the associated concentration profiles. E (m x n) is the residual
error matrix.

The underlying principle behind all MCR methods is the Beer-Lambert law.* According to
it, any mixture of components yields a spectrum that is a linear combination of the spectra of the
pure components.

MCR methods do not need prior information about the components present in the mixture.
Nevertheless, constraints associated with physical or chemical assumptions of the spectra can be
considered. For instance, a characteristic constraint among MCR methods is the non-negativity of
spectral components and concentration profiles. The end goal of the constraints is to reduce
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intensity and rotational ambiguities. Both ambiguities can be understood by rewriting Equation 2

into:
D=C(RR")S +E (1-3)

where C'= CR and S'"=R'S™. Rotational ambiguities include all the possible outcomes for C' and

S'T that are rotationally equivalent to C and S™. If R is a diagonal matrix, intensity ambiguities
occur.®
Self-Modeling Curve Resolution (SMCR) was the chosen MCR algorithm. It consists of an

initial singular value decomposition (SVD) matrix factorization, followed by consecutive rotations

such that the final matrix S* comprises non-negative elements only. A detailed description of this

procedure can be found in the pioneer work of Lawton and Sylvestre.®

1.4 Raman-MCR Spectroscopy

The decomposition of high signal-to-noise Raman spectra of two-component mixtures using
the SMCR algorithm is an experimental technique called Raman-MCR spectroscopy.’ In the
Ben-Amotz group, we have extensively used it to investigate pure water and aqueous mixtures to
provide insights on physico-chemical phenomena happening in water which are of interest for
biological applications. Regarding aqueous mixtures, we have focused our interest on open
questions about the hydration of oily molecules, gases, and ions, ranging from protons to
surfactants, as well as their intermolecular interactions.” In particular, the studies presented in this
dissertation address how they affect hydrophobic association, including host-guest binding, and
the affinity of ions for molecular oil/water interfaces.

Raman-MCR provides a means of decomposing the Raman spectrum of a solution into
solvent and solute-correlated (SC) spectral components.>® The solvent component is constrained
to the measured spectrum of the solvent which is usually pure water. The SC component contains
vibrational bands of the solute itself, as well as those arising from solute perturbations into the
solvent. Figure 1.1 (a) shows a decomposition performed in a high signal-to-noise Raman spectrum
of a 1 mol L™ tert-butyl alcohol solution. The differences between the spectrum of the solution

and that of pure water (solvent) are the presence of the vibrational modes of TBA and a minor
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decrease in intensity of the O—H stretch band. The perturbation of the solute into the solvent
appears in the SC spectrum in the O—H stretch band and can be better seen in Figure 1.1 (b). The
SC spectrum shown is a minimum area spectrum with non-negative features in this region. Notice
that for this particular TBA concentration there are clear differences between the O—H vibrational
band in the SC spectrum with that of pure water. The shape of this band is different for both spectra.
In specific the SC spectrum has a peak at ~3200 cm™* which is more intense than the peak at
~3400 cm ™t which is opposite to the shape observed in the spectrum of pure water. The feature
near 3200 cm ™ is connected to water molecules making an ordered tetrahedral structure; therefore,
in the SC spectrum is evident that that the water molecules perturbed by TBA have an enhanced
tetrahedral structure. Another difference observed is the appearance of a peak near 3670 cm™ in
the SC spectrum which corresponds to non-hydrogen bonded O—H groups. Figure 1.1 (c) shows
in orange, a representation of a TBA molecule with its hydration shell which together contribute

to the features that appear in the SC spectrum.
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Figure 1-1. (a) Raman-MCR components of a spectrum corresponding to a 1 mol L™ tert-butyl
alcohol (TBA) solution at 20 °C. (b) Expanded view of the SC spectrum depicting the C—H and
O—H stretch bands. A scaled Raman spectrum of pure water is also shown as a reference.

20

=

PR S R RN [N TN T T T T T S Y S S

Solution Raman spectrum
—— 1 MTBA

Raman-MCR Components

- === Solvent spectrum
SC spectrum

}Lw

6

Intensity (Counts/10 )

3000

1000 2000
Vibrational Frequency (cm’ )

4000

-

3500
Vibrational Frequency (cm )

(c) Analytes that contribute to the SC spectrum are colored in orange.
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1.5 Molecular Dynamics Simulations

Molecular dynamics (MD) simulations were performed using the GROMACS package
version 2019.2.8 All boxes were generated with the corresponding GROMACS tools developed
for this purpose. For each system of interest, molecules are randomly added such that they do not
overlap. They are only inserted when the distance between any existing atom and any atom of the
inserted molecule is less than the sum based on the van der Waals radii of both atoms. Next, an
energy minimization of the total force of the system was executed, followed by an NVT
equilibration. In the last step, an NPT production run was carried out. The parameters employed
in the different MD steps are shown in more detail in the Methods section of Chapter 2. Regarding
the classical interaction potentials, amphiphilic solutes were described by the all atom OPLS-AA
force field, and for water molecules the T1P4P/2005 force field was used.®!1t

Subsequent analysis of the production run trajectories was done using the in-built
GROMACS tools coupled to home-built scripts.

1.6 QM-EFP Calculations

The QM-EFP refers to a hybrid methodology that couples ab initio methods with the
Effective Fragment Potential (EFP) method. The EFP method is a quantum-mechanical based
force field that allows a low-cost description of intermolecular interactions in condensed phase
systems.?213 The evaluation of local C—H vibrations of tert-butyl alcohol using the QM-EFP

approach is explained in more detail in the Methods section of Chapter 2.
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CHAPTER 2. HYDROPHOBIC AGGREGATION OF TERT-BUTYL
ALCOHOL AS REVEALED BY C-H FREQUENCY SHIFTS: AN
EXPERIMENTAL AND COMPUTATIONAL STUDY

2.1 Introduction

Hydrophobic aggregation of small and large molecules in aqueous environments is of
relevance to biology, pharmacy, and medicine.'"*?> Such aggregation processes may be
experimentally probed using vibrational spectroscopy by, for example, measuring C—H frequency
shifts upon aggregation.**” However, it has still yet to be validated theoretically that C—H
frequency shifts are related to hydrophobic aggregation. Here we attempt to do so by combining
experiments and simulations of tert-butyl alcohol (TBA) dissolved in pure water. These studies
combine Raman multivariate curve resolution (Raman-MCR) spectroscopy, molecular dynamics
(MD) simulations, and QM-EFP frequency calculations. The MD/QM-EFP strategy used was able
to reproduce the experimental C—H frequency shifts and indicates that the C—H frequency shifts
are related to the local environment around a TBA molecule. Specifically, C-H frequency shifts

report on the amount of neighboring TBA molecules present within the first coordination shell.

2.2  Methods

Preparation of Aqueous Solutions. Aqueous solutions of tert-butyl alcohol
(Sigma-Aldrich, > 99.7%), and d9-tert-butyl alcohol (CDN Isotopes, 99 atom % D) were prepared
with ultrapure filtered water (Milli-Q UF Plus, Millipore, 18.2 MQ cm).

Raman-MCR Spectroscopy. Raman spectra were obtained at 20°C using an Ar-ion 514.5 nm
laser with ~20 mW of power at the sample and 5 min integration time, as previously described.'418
Self-modeling curve resolution (SMCR) algorithm was used on pairs of solvent and solution

spectra to obtain Raman-MCR solute-correlated (SC) spectra,t319-21

MD/QM-EFP Molecular Simulations. Molecular dynamics (MD) simulations were performed
using the GROMACS package (version 2019.2).22 The OPLS all atom force field (OPLS-AA) was
used for the TBA molecule, whereas the TIP4P-2005 force field was used for water.?°> After
energy minimization, NVT equilibration was performed for 200 ps, with a 1 fs time step, to ensure

a plateau in density. NPT production run was carried out for 300 ns, with a 2 fs time step, a velocity
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rescale thermostat for temperature control (293 K) and Parrinello—Rahman barostat for pressure
control (1 bar).?5-?" Bonds were constrained with the LINCS algorithm.?® A 1 nm cutoff was used
to handle Lennard-Jones potentials. Electrostatic long-range interactions were treated with particle
mesh Ewald (PME) summations with a real-space cutoff of 1 nm.2*-% In total, 8 MD simulations
were performed corresponding to concentrations of 0.27, 0.53, 1.02, 1.87, 3.26, 5.06, 7.03, and
8.59 mol L. For each MD simulation, 200 TBA molecules were used, and the number of water
molecules was adjusted to produce the aforementioned concentrations.

Each trajectory obtained was converted such that a TBA molecule is in the center of the box.
Next, the snapshots of interest, on which the central TBA has k neighbors within the first
coordination shell, were extracted, labeled, and grouped according to k. From these snapshots,
configurations that include the central TBA and its first coordination shell were extracted. Local
mode C—H frequency calculations were carried out using a hybrid QM-EFP method and partial
Hessian vibrational analysis (PHVA) as implemented in the GAMESS 2018 R1 suite of
programs.®3 The central TBA molecule of each configuration was described with the
second-order Mgller—Plesset perturbation theory using the 6-311++G** basis set.3* Waters and
TBA molecules present in the coordination shell were described by EFP potentials.3>-% PHVA was
done on all 9 hydrogens located in the methyl groups of TBA. For every calculation, all atoms of
the central TBA molecule and fragments were held fixed, except for the hydrogen atom under

investigation.

2.3 Results and Discussion

Figure 2-1 (a) depicts the SC spectra, normalized to the C-H band area, obtained from the
SMCR decomposition of pairs of spectra corresponding to pure water and TBA solutions of
different concentrations. Notice the depletion of the O—H band as the concentration increases
which is associated to the dehydration of TBA as aggregates form. The changes that are occurring
to the C—H band are not evident. Nevertheless, the overall band shifts to lower frequencies as the
TBA concentration increases. The concentration dependence of the average C—H frequency is
plotted in Figure 2-1 (b). It has a sigmoidal shape that is characteristic of micelle aggregation.3-14
The C—H frequency of fully hydrated free TBA molecules is ~2944 cm™, whereas the C—H
frequency of fully dehydrated TBA molecules, present in pure TBA, is ~2937 cm™. The critical
aggregation concentration (cac) is approximately the concentration at which the C—H frequency
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has a noticeable nonlinear dependence. The cac can be estimated from Figure 1 (b), and it has a
value of ~2.5 mol L. MCPS analysis has been also used to model the aggregation of TBA and
determined that the effective cac is ~2.6 mol L™1.1* Furthermore, the nearly linear concentration
dependence below cac implies that low-order aggregation is occurring in this concentration range.

(a) (b)
2944 —k\
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5 0.4 0.5 3
: 0.6 0.7 <2 2942
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Figure 2-1. (a) Concentration-dependent Raman-MCR SC spectra obtained from pairs of spectra
consisting of the pure water and the corresponding TBA solution spectra. (b) Average C—H
frequency of TBA plotted as a function of concentration.

As mentioned in the Methods section, the molecular simulations performed, using a
MD/QM-EFP strategy, were designed to obtain local C—H frequencies for all nine C—H moieties
that exist in the three methyl groups of a TBA molecule. To compare our calculated C—H frequency
shifts with those obtained from experiments, we, first, had to confirm that the experimental average
C—H frequency dependence does resemble the C—H frequency dependence of a local vibration.
The strategy used to confirm this hypothesis involved studying the aggregation of d9-TBA by
means of Raman-MCR spectroscopy. d9-TBA was chosen since the commercially available
sample was ~99% pure, thus containing ~1% of impurities. The impurities consist of H atoms that
are replacing D atoms in the d9-TBA molecules. A d9-TBA molecule that include a H atom

correspond to a system that contain a local C—H vibration as depicted in Figure 2-2.
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Figure 2-2. Molecular representation of a d9-TBA molecule with a H atom impurity.

Figure 2-3 (a) shows the d9-TBA SC spectra normalized to the C—D band area. Notice that
the frequency range used for the SMCR decomposition was constrained such that it only included
the C-D and C—H bands. This is the reason for the appearance of negative intensities in the O—H
region. Notice that the C—H peak appears at ~2950 cm™* and it is a fingerprint of the local C-H
modes that exist in d9-TBA molecules in the different aqueous solutions. An expansion of the
d9-TBA SC spectra in the C—H region is shown in Figure 2-3 (b). It includes the SC spectrum of
the most diluted solution as well as the SC spectrum of the solution with a concentration close to
the cac. Notice that this figure also portrays the Gaussian fitting done to these peaks in order to
obtain the maximum of each fit function. The maximum of these Gaussian functions was obtained
for all the solutions and plotted versus concentration, as represented in the curve formed by the
black squares in Figure 2-3 (c). For comparison, Figure 2-3 (c) also includes the average C—H
frequency dependence on concentration obtained for the fully non-deuterated TBA. Notice the
similarity in the shapes of both the black and red curves. The concentration dependence of the
average C-D frequency is plotted in Figure 2-3 (d).
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Figure 2-3. (a) Concentration-dependent Raman-MCR SC spectra of d9-TBA. (b) Expansion of
(@) in the C—H region. (c) Local mode C—H frequency of d9-TBA and average C—H frequency of
TBA, both plotted as a function of concentration. (d) Average C-D frequency of d9-TBA plotted
as a function of concentration.

22



Figure 2-4 shows the frequency shifts obtained after shifting all the C—H frequencies with
the corresponding dilute limit C—H frequency. The C—H frequency at the dilute limit for each curve
corresponds to the intercept of a linear fit to the data points below cac. Notice that the local mode
C—H frequency shift, the average C—H frequency shift, and the average C—D frequency shift have
the same concentration dependence. These results confirm that both the average C—H frequency
and local mode C—H frequency provide the same information. Additionally, it is demonstrated that

deuteration of TBA does not have an effect on the concentration dependence.
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Figure 2-4. Local mode C—H frequency shift, average C—H frequency shift and average C-D
frequency shift versus concentration.

Figures 2-5 (a) and (b) depict the results of the different MD simulations performed.
Figure 2-5 (a) shows how many times k neighbors happen within 0.75 nm of a TBA molecule on
a 300 ns trajectory that has a total of 14500 snapshots corresponding to the 1.87 mol L™ MD
trajectory. This cutoff corresponds to the first minimum in the radial distribution function
(central C — central C) of the MD trajectory corresponding to the lowest concentration.
Figure 2-5 (b) shows P(k), the normalized distribution of k contacts, for each MD system. Notice
that the distribution of contacts changes smoothly at low and high concentrations. However, there
is a drastic variation when the concentration changes from 1.87 mol L™ to 3.26 mol L. Notice,
in specific, the increase in population for high k values when the concentration is 3.26 mol L.

This result suggests there is a local structural transition happening between these two
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concentrations, which is the concentration region on which aggregates start forming according to

experiments.
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Figure 2-5. (a) Distribution of contacts around a TBA molecule for the MD trajectory
corresponding to a concentration of 1.87 mol L. (b) Normalized distribution of contacts for each

MD trajectory.

The QM-EFP local-mode vibrational frequency calculations were done on 1000

configurations for each k. The configurations on which k neighbors are present within 0.75 nm of

a TBA molecule were extracted from the MD trajectories on which that particular k is the most

abundant. For instance, configurations where a TBA molecule has 2 neighboring TBA molecules

(k = 2) were extracted from the trajectory corresponding to a concentration of 1.87 mol L.

Figures 6 (a) and (b) illustrate configurations corresponding to k = 0 and k = 2, respectively.
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Figure 2-6. (a) Configuration where a TBA molecule does not have a TBA neighbor within
0.75 nm (k = 0). (b) Configuration where a TBA molecule has two TBA neighbors within 0.75 nm
(k=2).

Figure 2-7 (a) shows the distribution of frequencies obtained for each k. Each distribution
was generated from 9000 C—H local mode frequencies that were calculated as described in the
Methods section. Notice that these distributions roughly have a Gaussian shape. For each
distribution, the mean, the median, and the maximum of a Gaussian fit were found and then
averaged. These average C—H frequencies were plotted as a function of k as depicted in
Figure 2-7 (b). Notice that the C—H frequency dependence on k is somewhat nonlinear.
Additionally, the frequency shift produced when going from a fully hydrated (k = 0) configuration
to a slightly hydrated (k = 10) configuration is ~7 cm™*. The C—H frequency corresponding to the
configuration on which k = 10 was extrapolated using the polynomial coefficients that are shown
in Figure 2-7 (b). This 7 cm™ shift agrees with the experimental C-H frequency shift obtained
when transitioning from infinitely dilute TBA to pure TBA.
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Figure 2-7. (a) C-H frequency distributions versus k. (b) C-H frequency as a function of k. The
coefficients shown belong to the polynomial function (solid line) that fits the points.

To obtain the C—H frequency of a particular concentration, extrapolated C-H frequencies
for each k were weighted by the corresponding P(k), which is accessible in the distribution of
contacts of that concentration, and then added. Next, the calculated C—H frequencies were shifted
by the C—H frequency of the fully hydrated (k = 0) configuration resulting in the C—H frequency
shifts shown as black dots in Figure 2-8. Note the close agreement of the calculated C-H frequency
shifts with the experimental C—H frequency shifts shown in red dots. Nevertheless, the calculated
concentration profile suggests that the molecular simulations are not capturing the association
happening above 5 mol L%, This can be associated to the fact that the OPLS-AA forcefield used

underestimates aggregation.3®
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Figure 2-8. Calculated C-H frequency shifts plotted as a function of concentration. The
experimental C—H frequency shifts of the fully non deuterated TBA as a function of concentration
are also shown.

2.4 Conclusions

In summary, experiments and molecular simulations were used to understand the connection
between C—H frequency shifts and hydrophobic self-aggregation of TBA. In specific, we used
Raman MCR to obtain suitable C—H bands that allow the calculation of precise average C-H
frequencies. The average C—H frequency (average normal mode C—H frequency) and local mode
C—H frequency were proven to have the same concentration dependence. The experimental results
obtained for d9-TBA with a local vibration inspired the molecular simulation strategy that was
used. The MD/QM-EFP approach consisted of generating the environment that a TBA molecule
could have in a real aqueous solution with MD simulations, extraction of configurations that
include a TBA molecule with its coordination shell, and QM-EFP local-mode vibrational
frequency calculations on each C-H group of the central TBA molecule. The calculated C-H
frequencies have a slightly non-linear dependence on the number of neighbors that are included
within the coordination shell. The calculated C—H frequency shifts as a function of concentration
reproduce the C—-H frequency shifts observed experimentally. The MD/QM-EFP molecular
simulations suggest that C—H frequency shifts are related to the average number of TBA contacts

around a TBA molecule. Hence, C—H frequency shifts report the local aggregation happening
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around a TBA molecule as concentration is increased. The connection of C-H frequencies and
average number of contacts to the formation of microheterogeneities, as suggested by large scale

MD simulations, has still yet to be investigated.3"-%°
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CHAPTER 3. BINDING-INDUCED UNFOLDING OF
1-BROMOPROPANE IN ALPHA-CYCLODEXTRIN

A version of this chapter was published in a peer-reviewed journal as:
Urbina, A. S.; Boulos, V. M.; Mendes de Oliveira, D.; Zeller, M.; Ben-Amotz, D., Binding Induced
Unfolding of 1-Bromopropane in a-Cyclodextrin. J. Phys. Chem. B 2020, 124, 48, 11015-11021.

3.1 Introduction

Binding-induced conformational changes play an important role in a wide range of
biochemical and pharmaceutical processes,'” although the conventional lock-and-key picture of
host-guest binding implicitly neglects the influence of conformational flexibility on binding
affinity. Some previous experimental and theoretical studies have reported evidence of guest
conformational changes upon binding to a host cavity®° but have not quantified the associated
binding-induced conformational equilibrium constant and thermodynamic changes or compared
the corresponding complex structures in the solid and aqueous solution states. Here, we do so by
performing Raman multivariate curve resolution (Raman-MCR) and X-ray crystallographic
measurements of the binding of 1-bromopropane (1-BP) to a-cyclodextrin (a-CD). Our results
reveal that the guest gauche—trans conformational equilibrium shifts toward the trans conformer
upon binding (although both conformers are present in the bound complex) and is essentially the
same in the solid and aqueous systems. Moreover, temperature-dependent Raman measurements
of the solid complex reveal that the binding-induced unfolding of 1-BP is both enthalpically and
entropically favored. Thus, the present results provide a quantitative illustration of the importance
of relaxing the simple lock-and-key picture of host-guest binding to include conformational
flexibility and the associated entropic contributions to binding affinities.

Several previous studies of guest conformation changes have involved synthetic nanocapsule
hosts. These include NOESY and COSY nuclear magnetic resonance (NMR) experimental and
molecular dynamics simulation studies of the folding and helix formation of long alkanes trapped
in cavitand nanocapsule complexes and nanotubes.®*® Cyclodextrins, which are biologically
produced hosts widely used in drug delivery and other supramolecular assembly applications, 416
have also been found to induce guest conformational changes,'’ probed using various NMR

methods!®1® and vibrational spectroscopy.?%%!
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Raman-MCR provides a means of decomposing the Raman spectrum of a solution into
solvent and solute-correlated (SC) spectral components. The latter SC component contains
intramolecular solute vibrational bands, as well as more subtle information arising from
solute-solvent interactions and conformational flexibility, including changes in gauche-trans
equilibrium constants.?? The present Raman-MCR measurements are facilitated by the fact that the
gauche and trans conformers have well-resolved C—Br stretch peaks near 560 and 640 cm™?,
respectively.?® Unlike prior studies that have used Raman-MCR to measure solute hydration-shell
O—H band spectra,?* here we use binding-induced changes in the guest C—Br and C—H stretch
band intensities to both confirm host—guest binding and quantify binding-induced changes in the
1-BP gauche-trans equilibrium. More specifically, SC spectra of the free and bound aqueous host
and guest molecules have been obtained using self-modeling curve resolution (SMCR)?>%427 (see
the Methods section for further details).

3.2 Methods

Preparation of Aqueous Solutions. Saturated aqueous solutions of 1-BP (99.5+%, Sigma-
Aldrich) were prepared by gently adding 2 mL of water (18.2 MQ cm resistivity, Milli-Q UF Plus)
or a 20 mM aqueous solution of a-CD (99.5+%, TCI) into a glass cuvette that already contained
50 uL of 1-BP. Thus, all saturated 1-BP solutions contained two liquid phases consisting of a
1-BP-rich droplet (at the bottom of the cell) surrounded by the aqueous phase and stored for at
least 48 h in order to allow 1-BP to saturate the aqueous phase to its solubility limit of
approximately 20 mmol L free 1-BP.? When the aqueous solution contained a-CD, after sitting
for 3 days or more, crystals of different sizes were observed to grow at the meniscus between the

aqueous and 1-BP phases.

Raman Spectroscopy. Unless stated otherwise, two replicate 5 min spectra were obtained using
a 514.5 nm Ar-ion excitation laser with ~20 m\W at the sample, as previously described.? Liquid
and gas samples (in a 12 mm round glass vial) and pure a-CD powder (in a melting-point capillary)
were tightly fit within a 1 cm copper block held at 20 °C, and crystals of the a-CD-1-BP complex
were mounted on the copper block. Pure liquid and solid spectra were obtained using two 1 min

replicates.
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Raman-MCR. SMCR? was used to decompose solution and solvent spectra into solvent and
SC components.?224262" The SC spectrum of saturated 1-BP in an aqueous 20 mmol L™ a-CD

were obtained using an aqueous 20 mmol L a-CD solution as the solvent reference spectrum.

Single-Crystal X-ray Diffraction. A suitable single crystal (~0.4 mm?®) of the o-CD-1-BP
complex was taken directly from the biphasic crystallization setup, quickly coated with a trace of
Fomblin oil, and transferred directly into the cold stream of a goniometer head of a Bruker QUEST
diffractometer with a fixed chi angle, a Mo Ka wavelength (A =0.71073 A) sealed fine focus X-ray
tube, a single-crystal curved graphite incident beam monochromator, and a PHOTON 100 CMOS
area detector equipped with an Oxford Cryosystems low-temperature device. Examination and

data collection were performed at 150 K (see the Supporting Information for further details).

Density Functional Theory Calculations. Density functional theory (DFT) calculations of
different 1-BP systems were performed using the Gaussian 16 suite of programs.?® Geometry
optimizations along with Raman spectra were calculated. For the bound 1-BP species, geometries
of 1:1 complexes were taken from the most probable configurations, as obtained from the X-ray
diffraction measurements for each conformer. Two levels of theory were used, B3LYP/6-31g(d,p)
and WB97/LANL2DZ. The systems studied and the corresponding results are shown in Tables 3-1
and 3-2 in the Supporting Information.

Isomerization Equilibrium. The analysis of the isomerization equilibrium was performed in the
C—Br stretch-band region. The areas of the bands were determined after background subtraction
either by integrating the bands to the left and right side of the minimum between the two bands or
from the ratio of the areas of Gaussian or VVoigt functions independently fit the two bands, avoiding
the region in which they overlap. For both free and mixed (bound + free) 1-BP, seven spectra from
independent experiments were obtained and the bands were analyzed using the above area
estimation methods. The reported area ratios for free and bound 1-BP correspond to the average
and standard deviation of a set of 21 area ratios that were obtained for each system at 20 °C. For

pure liquid 1-BP, four independent spectra were collected and analyzed in the same way. The
spectrum of the bound 1-BP species in the solid crystal was obtained from the difference between
the spectra of a-CD-1-BP crystal and a-CD powder (see the Supporting Information and Figure
S1 for more information). Unpolarized Raman spectra were collected from four different
orientations/regions of the solid samples, with no attempt to orient the crystals, and the
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corresponding bound 1-BP spectra were used to obtain the corresponding gauche-trans area ratios
of 1-BP bound in a-CD.

3.3 Results and Discussion

Figure 3-1 shows the measured Raman spectra of water, a 20 mmol L™ solution of a-CD,
and saturated solutions of 1-BP in water and in 20 mmol L™ aqueous a-CD at 20 °C. Note that
1-BP was maintained at its saturation concentration by immersing a droplet of liquid 1-BP in the
corresponding aqueous solutions. All Raman spectra shown in Figure 3-1 (a) look very similar to
those of pure water except for a small shoulder on the left side of the O—H stretching band due
primarily to the C—H stretch of a-CD. The resulting Raman-MCR SC spectra shown in
Figure 3-1 (b) are more revealing, as they uncover multiple intramolecular vibrational bands of
both a-CD and 1-BP. Specifically, the red curve represents the SC spectrum of unbound 1-BP, the
purple curve corresponds to the SC spectrum of a mixture of bound and unbound 1-BP, and the
green curve is the SC spectrum of a-CD in water. The latter a-CD spectral features are not present
in the bound 1-BP spectrum, as they were effectively subtracted away by the SMCR spectral
decomposition process in which the solution contains both 1-BP and a-CD and the solvent contains
only a-CD, both with the same a-CD concentration of ~20 mmol L. The increase, by nearly a
factor of 2, of the 1-BP band intensities in the presence of a-CD (compare the purple and red
spectra) clearly reveals that the a-CD binding induced an increase in the solubility of 1-BP. Note
that this factor of 2 is a lower bound to the actual binding-induced solubilization of 1-BP, as both
our experimental and theoretical results indicated that the Raman cross section of bound 1-BP is

smaller than that of 1-BP dissolved in water (see the Supporting Information for further details).
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Figure 3-1. Raman spectra in (a), all normalized to the same area, are used to obtain the
Raman-MCR SC spectra in (b) for unbound aqueous a-CD (green) and 1-BP (red), as well as an
equilibrium mixture (purple) of free and bound 1-BP in a 20 mM «a-CD solution saturated with
1-BP.

Figure 3-2 shows an expanded view of the C—Br stretch bands for the two conformers of
1-BP in a saturated aqueous solution (red) and in a solution containing 20 mmol L™ a-CD (purple),
along with the associated fits to a superposition of two Gaussians. The assignment of these peaks
to the gauche (at ~560 cm™?) and trans (at ~650 cm™) isomers are confirmed both by the
disappearance of the gauche peak upon freezing pure 1-BP,*° as well as our own (and prior)3!
guantum calculations (see the Methods section and Supporting Information). The associated
gauche and trans band areas, Ac and Ar, may be obtained either by directly integrating the
experimental spectra to the left and right of the minimum between the two bands or from the areas
of the corresponding Gaussian (or Voigt) fits to the experimental bands, and the resulting band

area ratios agree to within ~5 %. All of the reported equilibrium constant (Keq) values are average
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values obtained using three different area measurement methods (see the Methods section for
further details). The band area of each conformer may be expressed as A; = c;o;, where ¢i and o;
are the concentration and Raman scattering cross section of the ith conformer, respectively.
Therefore, the equilibrium constant is K¢, = cg/cr = (Ag/og )/(Ar/or ). Importantly, quantum
calculations indicate that the two conformers have approximately the same C—Br Raman cross
section ratio, og/ot ~1, both in the gas phase and in a dielectric implicit aqueous solvent, and thus
the ratio of the band areas provides a spectroscopic measure of Keq (See the Methods section and
Supporting Information for additional details). However, our quantum calculations also indicate
that the C—Br Raman cross sections decrease upon binding and have a significantly different ratio
of og/o7 ~3, thus also influencing the measured isomerization free energy and entropy, as further
discussed below. It is also noteworthy that the influence of host-guest binding on molecular
polarizabilities and optical spectra have previously been described® but not, to our knowledge,
with regard to Raman cross sections or the associated changes in polarizability with respect to the

corresponding vibrational and conformational degrees of freedom.
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Figure 3-2. Raman-MCR SC spectra in the C—Br stretch region. The points are the experimental
intensities, and the dashed curves are the sum of Gaussian fits to the two sub-bands.

If we assume that binding does not change the Raman scattering cross section ratio, og/ot ~1,
then the isomerization equilibrium constant for the 1-BP bound to a-CD, obtained from the

difference between the purple and red band areas in Figure 3-2, implies that Keq ~1.4 + 0.3, which
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is nearly a factor of 2 smaller than that of 1-BP dissolved in water, Keq ~2.3 £ 0.2. However, our
DFT calculations of the 1-BP isomers bound in a-CD indicate that the Raman scattering cross
section of the bound gauche conformer is three times larger than the bound trans conformer and
thus og/o1 ~3 (see the Methods section and Supporting Information for additional details). If we
use this predicted cross section ratio, then the inferred conformational equilibrium constant further
decreases to Keq ~0.5 + 0.2 in the bound host-guest complex. In either case, the decrease in Keq
upon transfer from the aqueous solution to the a-CD cavity implies that the 1-BP conformation
equilibrium shifts toward the trans conformer upon binding to a-CD. Moreover, our additional
Raman measurements of the solid complex imply that the conformation equilibrium constant is
approximately the same in the solid state as it is for the complex dissolved in liquid water (as
further described below).

Figure 3-3 compares C—Br stretch bands of 1-BP in the pure liquid (a), aqueous solution (b),
and bound in a-CD in the aqueous (c) and solid (d) complexes, along with the corresponding partial
molar Gibbs free-energy change AG = —RT In Keq for the trans to gauche isomerization process.
The AG values shown in panels (a,b) are within + 0.2 kJ mol ™ of previously reported Raman-based
experimental results in pure liquid®*3* and aqueous® 1-BP. The bound 1-BP spectra in panels (c,d)
were obtained from the difference between the bound and unbound spectra assuming cg/ot ~3 (as
explained above, with further details provided in the Methods section and Supporting Information).
Note that the negative-going feature in panel (c) is a subtraction artifact resulting from the large
a-CD peak near 480 cm™ (see Figure 3-1). Fine-tuning the subtraction to minimize this artifact
does not significantly alter the resulting Keq (and AG).
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Figure 3-3. Raman spectra (and Gaussian fits) of the 1-BP C—Br stretch bands obtained for
different systems and the corresponding free energy AG = —RT In Keq at 293.15 K. (a) Pure liquid
1-BP (Keg~2.4 £ 0.1), (b) aqueous 1-BP (Keq ~2.3 £ 0.2), (c) 1-BP bound to a-CD in the aqueous
solution (Keg ~0.5 £ 0.2) and (d) in the solid crystal (Keg ~0.5 £ 0.1). Note that the above AG
values in (c,d) were obtained assuming oc/oT ~3 (as discussed in the text).

To gain further insight into the distribution of gauche and trans isomers inside the a-CD
molecules, we also analyzed crystalline samples of the host-guest complex using single-crystal
X-ray diffraction. The overall packing and arrangement of the constituent entities in the crystal
structure are dominated by the o-CD molecules connected to each other through a
hydrogen-bonding network between the hydroxyl moieties of neighboring molecules creating a
dense packing that leaves no open space other than the interior of the cylindrical a-CD molecules.
The observed structures differ from that of native a-CD but are closely related to a series of other
guest hosting a-CD complexes. A search of the Cambridge structural database®® revealed several
0-CD  host-guest ~ complexes  with  acetone,*”  thiophene,®®  diethylfumarate,®
hemikis(2,2'-azodipyridine),*® n-butylisothiocyanate,** lithium triiodide iodine,*> and various
metallocene complexes having unit cell shapes and a-CD packing that differ from the a-CD-1-BP
complex only by the nature of the guests in the cavity. Both a-CD-1-BP and its isomorphous
counter parts are characterized by a stacking arrangement of a-CD molecules with the unit cell

having two a-CD molecules forming a head-to-head dimer (capsule). Molecules line up in such a
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way that the interior voids of the cylindrical a-CD molecules connect to form channels extending

through the crystal along the c-axis of the unit cell (Figure 3-4).

(b)

Figure 3-4. (a) View of the a-CD-1-BP dimer showing the most probable gauche configurations
[10.4(2) and 17.5(2) %]. (b) View of the a-CD-1-BP dimer showing the most probable trans
configurations [28.8(4) and 51.5(4) %]. The red, green, and blue lines point along the a, b and ¢
axes, respectively (see the Sl for further details).

Single-crystal X-ray diffraction provides an average of the arrangement of all constituent
entities over the entire crystal (in the form of the electron densities inside the crystallographic
repeat units, the unit cell). If positions of atoms or fragments differ between unit cells, then disorder
has to be included when building the structural model based on the diffraction data. Two different
types of disorder are observed in the structure: (1) the two-fold disorder of a water molecule,
inducing disorder of two of twelve crystallographically independent a-CD sugar moieties (see the
Supporting Information for details regarding this disorder) and (2) the disorder associated with the
two conformations of 1-BP embedded in the cavities of the two a-CD molecules in each unit cell,
as described in greater detail below (and in the Supporting Information).

Figure 3-4 shows representative unit cell structures obtained from the o-CD-1-BP
single-crystal X-ray diffraction analysis. Figure 3-4 (a) shows the most probable bound gauche
conformers, while Figure 3-4 (b) shows the most probable bound trans conformers. Note that
although (a) has two gauche and (b) has two trans 1-BP molecules, the X-ray results do not imply

that the structures are invariably paired in this way. In other words, the X-ray structures are equally
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consistent with unit cell structures in which neighboring a-CD hosts contain different 1-BP
conformers.

More specifically, the single-crystal data indicate that in the crystal, each a-CD molecule
contains exactly one bound 1-BP molecule disordered over several slightly shifted and rotated
positions of both the trans and gauche conformations. Major moiety disordered molecules as well
as their assignment as gauche or trans were immediately evident from difference electron density
maps and were assigned and modeled. This was followed by re-analysis of difference density maps
and assignment of successively less prevalent disordered moieties until the remaining difference
electron density maps were essentially featureless. In total, six conformations were modeled for
each of the 1-BP molecule in the two-independent a-CD molecules with refined occupancies
between 0.515(4) and 0.0561(19). All 1-BP molecules are clearly associated with one of the two
a-CD molecules, with no 1-BP molecules stretching along the channel between the two a-CD hosts.
Total occupancies for all disordered moieties refined to close to unity for each site, indicating the
absence of empty or water filled a-CD cavities. In the final refinement cycle, the total occupancy
was constrained to exactly one. In the crystal structure, measured at 150 K, the trans conformation
is significantly favored (as further discussed below). After applying structural restraints to the
1-BP molecules embedded inside the a-CD dimer (see the Supporting Information for details), the
1-BP molecules in the two a-CD structures had gauche-trans ratios of 0.26/0.74 and 0.35/0.65 at
150 K, giving an average Keq ~0.3/0.7 ~0.4 + 0.1 (with error bars obtained from the + 0.05
difference between the individual conformer probabilities in the first and second
crystallographically distinct structures). This slightly smaller value of Keq at 150 K, relative to the
Keq ~0.5 for the bound complex at 293 K, is consistent with positive AH for the trans to gauche
conformation change in the a-CD host. The positive sign of AH is also consistent with the
following temperature dependent Raman measurements of the conformer peak ratio in the solid
complex.

Figure 3-5 shows results obtained from temperature-dependent measurements of the 1-BP
trans to gauche (folding) equilibrium constant to obtain the corresponding isomerization AH and
AS values. Specifically, the trans to gauche enthalpy and entropy changes are obtained from the
corresponding temperature-dependent AG values using AH =[0(AG/T)/0(1/T)]p and
AS = (6AG/0T)p. The error associated with such temperature-dependent measurements correspond
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to uncertainties of £1—2 kJ mol ™ in AH and £2—6 J K™t mol™* in AS (with an additional uncertainty
in AS resulting from the Raman cross section ratio, as further discussed below).

In spite of the significant uncertainties associated with the isomerization enthalpy, the AH
of ~0.1 kJ mol* for 1-BP in the pure liquid is within the range of the previously reported values,
varying between 0.1 kJ mol™* < AH < 1.1 kJ mol1.4***> More interestingly, our results indicate that
the trans to gauche AH changes sign upon binding to a-CD. Specifically, AH is negative for 1-BP
dissolved in water but becomes positive upon binding to a-CD, while the sign AS changes from
positive to negative upon binding. This implies that the trans conformer has both an enthalpically
and entropically more favorable interaction with the a-CD cavity. The conformational AS change
is more difficult to accurately quantify than AH both because of its small magnitude (relative to
the error bars of the associated data points) and because, unlike AH, the value of the experimentally
inferred AS is sensitive to binding-induced changes in the relative Raman cross section of the two
conformers. Note that the unbound AS values in Figure 3-5 (b,d) are positive and, within
experimental error, have the same magnitude as AS=R In2=6J K mol? obtained assuming
that the entropy changes are entirely due to the fact that there are two gauche conformers and only

one trans conformer.2346
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Figure 3-5. Experimental isomerization (trans to gauche) entropy and enthalpy for 1-BP for pure
liquid 1-BP (a,b), aqueous 1-BP (c,d), and a-CD-1-BP complex in the crystalline solid state (e,f).
Note that the —TAS entropic contributions to AG at 293.15 K range from —2.2 + 0.7 kJ mol™ in
the pure 1-BP liquid to —1.0 + 1.0 kJ mol ™ in the aqueous solution. In the case of bound 1-BP, at
293.15K, the entropic contribution is—1.8+1.7kImol™?, assuming oclor ~1 or
0.9 + 1.8 kJ mol?, assuming cc/oT ~3.

Deviations from this value may arise from various sources, including differences between
the internal partition functions of the two isomers, as well as the surrounding host and/or solvent
molecules. However, the bound AS value in Figure 3-5 (f), obtained assuming that /ot ~3, has
the opposite sign, implying that the bound trans conformer has more thermally accessible
configurations than the gauche conformation. Thus, the binding-induced sign change of AS is
consistent with a looser fit of the trans conformer to the a-CD cavity, while the sign change of AH
implies that the tighter fit of the gauche conformer to a-CD cavity has a greater repulsive
interaction with the cavity walls.

It is also noteworthy that AG ~1.1 + 0.3 kJ mol* for the folding of 1-BP in a-CD at 150 K,
obtained directly from the X-ray crystal diffraction analysis, is roughly consistent with the value
of AG ~1.5 + 6.0 k] mol! obtained from AS ~—2.9 J Kt mol™? (assuming /o1 ~3) and
AH ~1.1 kJ mol™%, when extrapolated down to 150 K. The approximate agreement between the

latter two AG values for bound 1-BP at 150 K implies that AS and AH remain approximately
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temperature independent between 150 and 335 K and provides additional support for the prediction

that /o1 ~3 for 1-BP bound within the a-CD cavity.

3.4 Conclusions

In summary, Raman-MCR and X-ray crystallographic measurements reveal that 1-BP
remains flexible upon binding to a-CD, although its conformation equilibrium is shifted toward
the unfolded trans conformation upon binding. Our experimental temperature-dependent Raman
measurements on both free and a-CD-bound 1-BP, combined with our predicted binding-induced
Raman cross section changes, imply that both the conformational enthalpy and entropy of 1-BP
change sign upon binding to a-CD. The latter sign changes, as well as the corresponding
conformational free energy, are all consistent with a more favorable fit of the trans conformer to

the a-CD cavity.

3.5 Supplementary Information

Raman spectra of the solid a-CD-1-BP crystal. Figure 3-6 shows the Raman spectra collated for
both solid a-CD (orange dots) and a crystal of the a-CD-1-BP complex (blue dots). Note that a-
CD has a peak that overlaps primarily with the C—Br stretch band of the gauche 1-BP conformer.
After normalizing both spectra to the a-CD peak at ~485 cm 2, the difference spectrum (black dots)
between the blue and orange spectra was obtained. The black-dashed curve is the sum of Gaussian
fits to the non-overlapping portions of the gauche and trans peaks. This difference spectrum is that
arising from the 1-BP molecules that are bound to a-CD in the crystal. Similar results were

obtained from four different (randomly oriented) crystals.
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Figure 3-6. Generation of difference spectrum corresponding to bound 1-BP species present in the
crystal.

Predicted gauche-trans Raman cross-section ratios. Tables 3-1 and 3-2 contain calculated
Raman activities and Raman cross sections, respectively, for 1-BP obtained as described in the
Methods section. The Raman cross sections (o) were calculated from Raman activity using
equation 42 in the paper by Neugebauer and coworkers.*’
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Table 3-1. Frequencies and Raman activities calculated at two levels of theory for different 1-BP

systems.
i i Frequency Raman Activity
Level of theory 1-BP systems C-Br stretch mode (cm™) (AYAMU)

G 557.64 15.69
T 645.40 18.42
G 540.32 38.81

B3LYP/6-31g(dp) | Water (CPCM)
T 625.44 47.48
D G 564.29 15.28
% T 638.33 6.17
G 587.15 23.06
T 676.45 26.08
G 565.48 55.70

WB97/LANL2DZ | Water (CPCM)
T 654.49 63.31
D G 588.62 23.53
% T 660.66 8.79

Table 3-2. Gauche-trans Raman cross-section ratio (oc/oT) predicted at two levels of theory.

Level of theory 1-BP systems | oc/oT
- 1.1
B3LYP/6-31g(dp) | Water (CPCM) | 1.0
a-CD 3.0
- 1.1
WB97/LANL2DZ | Water (CPCM) | 1.1
a-CD 3.2

Binding-induced C-Br Raman cross-section changes. In order to corroborate experimentally the
changes in the Raman cross section of the bound 1-BP conformers, a small amount (6 mg) of a-CD
was added to an aqueous 1-BP solution with a known concentration of 10 mM. The Raman spectra
of these solutions as well as the Raman spectrum of an aqueous a-CD solution (3 mM) and water
were collected and treated using SMCR. Figure 3-7 compares the SC spectrum of unbound 1-BP
with the SC spectrum of a mixture of bound and unbound 1-BP. Notice that upon binding the
cross-sections of the C—Br stretching modes of both conformers decrease, as the total area of the
two C—Br stretch bands is ~27% smaller in the aqueous a-CD solution than it is in pure water.
Moreover, this change does not occur equally in the two peaks, as the gauche and trans peak areas

decrease by ~30% and ~20%, respectively, which is consistent with a shift of the 1-BP equilibrium
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towards the trans conformation (particularly since the Raman cross section of the trans C—Br band
is predicted to have a great binding-induced Raman cross section decrease).

If it is assumed that, under the above conditions, all the a-CD cavities are occupied by a
single 1-BP guest, and thus 30% of all the 1-BP molecules are bound in a-CD (and the remainder
are dissolved in water), then that would imply that the Raman cross section of bound 1-BP is
approximately 10 times smaller than that of free 1-BP dissolved in water. The latter binding
induced decrease slightly larger, but of comparable magnitude, to the predicted 2-to-7-fold
decrease, obtained by comparing the predicted Raman cross section of the 1-BP gauche and trans

conformers in water and in a-CD (see Table 3-2).

1-BP (10 mM) [ |
—— unbound (water) ‘
—— bound + unbound (3 mM a-CD)
a-CD (3 mM)

—— unbound (water)

Intensity (Relative)

500 1000 1500 2000 2500 3000

-1
Vibrational Frequency (cm )

Figure 3-7. Raman cross-section change of the C—Br stretching mode of both the gauche and trans
conformers upon binding to a-CD.

Gas Phase 1-BP Raman Spectra and Thermodynamics. The Raman spectra shown in Fig. 3-8
were obtained from the vapor above the pure liquid in a closed glass vial mounted in a variable
temperature cell holder. The temperature dependent increase in the area of the C—Br stretch bands

reflects the corresponding increase in vapor pressure.
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Figure 3-8. Raman spectra of gaseous 1-BP in the C—Br stretch region at different temperatures,
obtained after subtraction of the Raman spectra of the glass vial taken under the same conditions.

The temperature dependence of the vapor pressure of 1-BP can be calculated using the
Antoine equation: log, , P=A-B/(T+C), using previously tabulated coefficients (A, B, and C).*8
Figure 3-9 shows a good correlation between vapor pressures and the C—Br band areas thus

confirming the proportionality between the measured Raman intensity and vapor pressure.

2.0

y=a+bx

a=277%10 +2.94x 10"
154  b=0.14+001

R =1.00

Pa)

5

Vapor Pressure (x 10

0.5

0.0

I I I T I I
0.0 0.2 0.4 06 08 1.0 1.2 1.4

C-Br Band Area (< 10 6)

Figure 3-9. Vapor pressure vs. area of the C—Br bands in Figure 3-8.

Figures S5 and S6 show the temperature dependent measurements of the 1-BP gauche/trans
equilibrium constant (obtained assuming cc/oT ~1), and the resulting AG, AS, and AH. Although
the AS results are quite noisy, they imply that AS has the same sign as that in the pure liquid and
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aqueous solution and is within error bars of the latter AS value. The AH in the gas phase also has
the same sign and comparable magnitude to that in the pure liquid and aqueous solutions. This
confirms that the stabilization of the gauche conformers in the liquid state is primarily due to an
intramolecular interaction, such as the van der Waals attraction of the terminal methyl and Br

groups, referred to as the “gauche effect”.
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Figure 3-10. Experimental isomerization (trans to gauche) entropy for gaseous 1-BP.
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Figure 3-11. Experimental isomerization (trans to gauche) enthalpy for gaseous 1-BP.

Single Crystal X-ray Diffraction. Data were collected, reflections were indexed and processed,
and the files scaled and corrected for absorption using APEX3* and SADABS®. The space group
was assigned, and the structure was solved by direct methods using XPREP within the SHELXTL
suite of programs® and refined by full matrix least squares against F? with all reflections using

Shelx12018%? using the graphical interface Shelxle®. H atoms attached to carbon and hydroxyl
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hydrogens were positioned geometrically and constrained to ride on their parent atoms. C-H bond
distances were constrained to 1.00, 0.99 and 0.98 A for aliphatic C-H, CH, and CH3 moieties,
respectively. a-CD O-H distances of alcohols were constrained to 0.84 A. Methyl CHs and
hydroxyl H atoms were allowed to rotate but not to tip to best fit the experimental electron density.
Water H atom positions were refined, and O-H distances were restrained to 0.84(2) A. Where
necessary, water H---H distances were restrained to 1.36(2) A, and H atom positions were further
restrained based on hydrogen bonding considerations. Isotropic displacement parameters of
hydrogen atoms Uiso(H) were set to a multiple of the equivalent isotropic displacement parameters
of the Ueq(C) of the anisotropic displacement parameters, with 1.5 for CHz and OH, and 1.2 for C-
H and CH: units, respectively.

The structure features two crystallographically independent a-CD molecules that each
consist of six dextrin moieties linked end to end via a-1, 4 linkages. A common atom naming
scheme was used for all dextrin moieties, with each moiety uniquely identified by atom label
suffixes: A-F for molecule 1, and G-L for moiety 2. Two different types of disorder are observed
in the structure. Disorder of a water molecule, inducing disorder of the surrounding o-CD sugar
moieties. And disorder of 1-BP molecules embedded in the cavity of the two crystallographically
independent a-CD molecules. The water-a-CD disorder involves parts of sugar moieties E and G.
The major and minor E and G moieties were each restrained to have similar geometries using
SAME and SADI commands of ShexI2018. U components of anisotropic displacement
parameters (ADPs) for disordered atoms closer to each other than 2.0 A were restrained to be
similar (applied estimated standard deviation, esd, 0.01 A?). Atoms O5E1 and O5E2 as well as
O4E1 and O4E2 were each constrained to have identical ADPs. Subject to these conditions the
occupancy ratio refined to 0.606(5) to 0.394(5).

Each of the two a-CD molecules houses one 1-BP molecule, disordered over several slightly
shifted and rotated positions, with both trans and gauche conformations observed. Major moiety
disordered molecules as well as their assignment as gauche or trans were immediately evident
from difference density maps and were assigned and modeled, followed by re-analysis of
difference density maps and assignment of successively less prevalent disordered moieties, until
the remaining difference density maps were essentially featureless. Total occupancies for all
disordered moieties refined to close to unity for each site and were constrained to exactly one in

the final refinement cycles. Equivalent bond distances and angles, but not torsion angles, of all
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1-BP moieties were restrained to be similar (SAME restraint of Shelxl, applied esd 0.02 A). UY
components of ADPs for 1-BP atoms closer to each other than 2.0 A were restrained to be similar
(applied esd 0.01 A?). The atom C32 of one 1-BP moiety was restrained from approaching the
a-CD moiety too closely (DFIX -3.0 command of Shelx2018). Subject to these conditions the

occupancy rates refined to the following:

Embedded inside molecule 1 (sugar moieties A through F):
Brl (trans) 0.288(4)

Br4 (gauche) 0.0833(17)

Br5 (gauche) 0.0723(18)

Br7 (trans) 0.167(4)

Br8 (trans) 0.285(4)

Br10 (gauche) 0.104(2)

Total trans to gauche ratio: 0.74:0.26

Embedded inside molecule 2 (sugar moieties G through L):
Br2 (trans) 0.515(4)

Br3 (gauche) 0.1750(18)

Br6 (trans) 0.133(3)

Br9 (gauche) 0.121(4)

Brll (gauche) 0.0561(19)

Total trans to gauche ratio: 0.65:0.35

Additional details are given in Table 3-3. Complete crystallographic data, in CIF format,
have been deposited with the Cambridge Crystallographic Data Centre. CCDC contains the
supplementary crystallographic data for this paper. These data can be obtained free of charge from
the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif (CCDC
2023037).
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Table 3-3. Details of the single crystal X-Ray diffraction experiment.

VB_1 expl Om

Crystal data

Chemical formula

2(Cs6He0030)-2(C3H7Br)-9(H20)

M 2353.81
Crystal system, space group Triclinic, P1
Temperature (K) 150

a, b, c(A) 13.7626 (6), 13.8666 (6), 15.6527 (7)
o, B,y () 93.104 (2), 91.6464 (19), 119.3788 (15)
VvV (A3 2593.9 (2)

z 1

F(000) 1242

Dx (Mg m™®) 1.507

Radiation type Mo Ka,

No. of reflections for cell measurement 9473

0 range (°) for cell measurement 2.2-35.7

u (mm1) 0.90

Crystal shape Fragment

Colour Colourless

Crystal size (mm)

0.43 x0.42x0.23

Data collection

Diffractometer

Bruker AXS D8 Quest CMOS diffractometer

Radiation source

sealed tube X-ray source

Monochromator

Triumph curved graphite crystal

Scan method

 and phi scans

Absorption correction

Multi-scan, SADABS 2016/2: Krause, L., Herbst-Irmer, R., Sheldrick
G.M. & Stalke D., J. Appl. Cryst. 48 (2015) 3-10

Tmin, Tmax

0.665, 0.747

No. of measured, independent

observed [l > 2o(1)] reflections

and

146000, 48981, 37919

Rint 0.040

0 values (°) Omax = 36.5, Omin = 2.9

(sin 8/0)max (A1) 0.837

Range of h, k, | h=-22—522,k=-23-523,1 =-26—26
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Table 3-3 continued

Refinement

Refinement on F2

R[F? > 26(F?)], wR(F?), S 0.045, 0.127, 1.03

No. of reflections 48981

No. of parameters 1896

No. of restraints 2031

H-atom treatment H atoms treated by a mixture of independent and constrained
refinement

Weighting scheme w = U[c*(Fs?) + (0.0717P)?]
where P = (Fo? + 2F?)/3

(A/S)max 0.006

Apmax, Apmin (€ A) 0.65, -0.48

Extinction method SHELXL2018/3 (Sheldrick 2018), Fc"=kFc[1+0.001xFc?A%/sin(20)]
1/4

Extinction coefficient 0.0106 (12)

Absolute structure Flack x determined using 15366 quotients [(I+)-(I-))/[(1+)+(I-)]
(Parsons, Flack and Wagner, Acta Cryst. B69 (2013) 249-259).

Absolute structure parameter 0.018 (2)

Computer programs: Apex3 v2017.3-0 (Bruker, 2016), SAINT V8.38A (Bruker, 2016),
SHELXS97 (Sheldrick, 2008), SHELXL2018/3 (Sheldrick, 2015, 2018), SHELXLE Rev924
(Hubschle et al., 2011).
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CHAPTER 4. SALTING OUT OF 1-HEXANOL, 2-HEXANOL, AND
1,2-HEXANEDIOL

4.1 Introduction

The influence of salts in the solubility of organic compounds in water is of great interest in
different areas including atmospheric chemistry, organic process research and development,
separation and extraction sciences, and biology.'® In particular, the salting-out effect in water has
been widely studied for solutes of different sizes and shapes, but the physical principles governing
this phenomenon have yet to be established. The solubility of a compound in the presence of ions
is dependent on its hydrophobic and hydrophilic segments as exemplified by experiments and
simulations that have revealed specific interactions of ions with proteins.”** Small molecules,
including alkanes and alcohols, have also been previously investigated.?2° However, for small
amphiphilic solutes, the effect of changing the position of a hydrophilic moiety or the addition of
a second hydrophilic moiety, as well as the effect of self-aggregation have yet to be examined.
Here, we do so by performing Raman multivariate curve resolution (Raman-MCR) spectroscopy
to study the salting-out effect of 1-hexanol (1H), 2-hexanol (2H), and 1,2-hexanediol (12HD) in
different aqueous ionic solutions. Our results indicate that changing the position of the hydrophilic
group or the addition of a second hydrophilic group do not significantly alter the magnitude and
trend of the salting-out effect of free amphiphilic species. Additionally, and more notably, we have
experimentally quantified the salting out of 12HD micelles, and it appears be significantly smaller
compared to that of free 12HD monomers, except for the systems on which HCI and HBr are
present in the aqueous solvent. These results suggest that the alkali cations, excluding H*, have a

greater affinity to the 12HD micelle.

4.2 Methods

Preparation of Aqueous Solutions. Aqueous of 1H (1-hexanol, Sigma-Aldrich, 98%),
2H (2-hexanol, Acros Organics, 99%), 12HD (1,2-hexanediol, Sigma-Aldrich, 98%),
KCI (potassium chloride, Sigma-Aldrich, 99%), NaCl (sodium chloride, Mallinckrodt
Chemicals, 99%), LiCl (lithium chloride, Mallinckrodt Chemicals, 99%), HCI (hydrochloric acid,
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Sigma-Aldrich, ACS 37%), and HBr (hydrobromic acid, Sigma-Aldrich, ACS 48%) were prepared
with ultrapure filtered water (Milli Q UF Plus, Millipore, 18.2 MQ cm).

Saturated solutions of 1H and 2H were prepared by layering the corresponding alcohol on
top of the aqueous solvents. These samples were placed on an orbital shaker for a period of 72
hours to allow both alcohols to saturate the aqueous phase to their solubility limits. The solubilities
of 1H and 2H are ~0.07 mol L™* and 0.13 mol L, respectively.?!

For the preparation of 12HD two-phase systems, a 1-octanol (Sigma-Aldrich, 99%) layer
was added on top of each 12HD aqueous solution. The volume of 1-octanol added corresponds to
the volume of the aqueous solution. A layer of 1-octanol was also added on top of the aqueous
solvents such that all of them included this component. All of the two-phase systems were placed

on an orbital shaker for 72 hours to ensure equilibration.

Raman-MCR Spectroscopy. Raman spectra were obtained at 20°C using an Ar-ion 514.5 nm
laser with ~20 mW of power at the sample and 5 min integration time, as previously described.82?
The self-modeling curve resolution (SMCR) algorithm was used on pairs of solvent and solution
spectra to obtain Raman-MCR solute-correlated (SC) spectra.?®2¢ In these spectral decompositions,
the solvent spectrum was constrained to either being pure water or that of the corresponding salt
solution. For the SMCR analysis of 12HD two-phase systems, the aqueous solvents included

1-octanol dissolved to its solubility limit.
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4.3 Results and Discussion

—_
)
=

(b)

2-Hexanol 20 °C I-Hexanol 20 °C

0.8

<2 H,O H,O

= KCl 0.6 KCl

= ] —— NaCl ' — Na(l

2 1.0+ — LiCl — LiCl

S_{, ] —— HCl 04 — HCI

2 HBr ‘ HBr

§ o054

E 1 0.2

0.0 ....T,.....,...,¥ 0.0 e =
2600 2800 3000 2600 2800 3000

. . -1 . . -
Vibrational Frequency (cm ) Vibrational Frequency (cm 1)

Figure 4-1. SC spectra of 2H (a) and 1H (b) dissolved in different aqueous solvents. The
concentration of the salts and acids in the aqueous ionic solvents was 1 mol L™,

Figures 4-1 (a) and (b) show the effect of ions on the solubilities of both 2H and 1H.
Specifically, they show how the areas of the C—H vibrational bands change when the cation size
changes. Notice that for the alkali-cation series, when CI™ is the counter ion, the C—H bands that
decrease in intensity relative to that of pure water, correspond to the systems where K*, Na*, and
Li* are the cations. The C—H band area decrease is the highest for the systems where the cation in
the aqueous phase is either Na* or K™ since they have identical C—H bands areas within the errors
of the measurements. For the systems where Li* is the cation in the aqueous phase, the C—H band
area decreases as well, but at a smaller magnitude. In contrast, when the cation is H*, the C-H
band area increases slightly compared to that of pure water, but within experimental error it is
suggested that they are about the same. The effect of changing the counterion in the acid aqueous
solutions was also tested. When the acid is HBr in the aqueous phase, the C—H peak area has a
significant increment relative to that of pure water.

The C—H band areas in Figures 4-1 (a) and 4-1 (b) are proportional to the amount of free 2H
and 1H that is dissolved in the aqueous phase assuming that the C—H Raman cross section of these
molecules remains about the same under these different environments. By using the known
concentration of 1H and 2H in water and the corresponding area under the curve, as a single point

calibration, the solubilities in the aqueous ionic solvents were calculated and are listed in Table 4-1.
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Table 4-1. Solubilities of 1H and 2H in different aqueous solvents. The concentration of salts and

acids in the aqueous phase was 1 mol L™,

Aqueous Solvent | [2H] (mol L™) | [1H] (mol L™)
H20 0.126 0.065
KCI 0.072 0.040
NaCl 0.071 0.040
LiCl 0.083 0.046
HCI 0.133 0.066
HBr 0.138 0.073

For 2H and 1H the salting out coefficient, so-called Setschenow (or Setchenov) coefficient,

(K) can be readily obtained from Equation 4-1, where ¢, . and ¢S, . correspond to the

concentration of the solute in pure water and the aqueous ionic solutions, respectively, and cg, is

the concentration of the corresponding salt or acid in the aqueous ionic solution.
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Figure 4-2. 12HD SC spectra obtained in single aqueous phases (a) and equilibrated aqueous
octanol two phase (b) systems, all obtained starting with a 1 mol L™ 12HD solutions. The
concentration of the salts and acids in the aqueous phase was 1 mol L™,

Figures 4-2 (a) and (b) depict the SC spectra of 1 mol L™ 12HD solutions without and with

the addition of a 1-octanol layer on top. The change of the C—H band areas between (a) and (b) is
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due to the partitioning of 12HD into the 1-octanol-rich phase after equilibration. The blue
SC spectrum in Figure 4-2 (b) corresponds to the system where the aqueous layer is pure water.
This spectrum cannot be used as reference in the K analysis since the associated two-phase system
was the only one which formed a third phase between the aqueous and oil phases. Nevertheless,
to overcome this difficulty, it is assumed that the green SC spectrum in Figure 4-2 (b), which is
the spectrum of the system where 1mol L™t HCI is the aqueous ionic solvent, can be used as the
reference SC spectrum since the results in Figure 4-1 show that the SC spectra in both pure water
and HCI are about the same. The yellow, purple, and red spectra in Figure 4-2 (b) result from
salting out of 12HD and is more substantial in KCI and NaCl aqueous solutions. The SC spectrum
shown in orange corresponds to the system on which HBr is present in the aqueous phase, and its
presence does not to change the partitioning of free 12HD molecules.

For miscible solutes like 12HD, the solubility method described previously cannot be used
for the determination of K. Instead, a partitioning strategy is carried out. The ratio of solute
concentrations in pure water (cg;,..) and 1-octanol phase (cg,,.)> also known as the water-octanol

partitioning coefficient (P, ), can be obtained using Equation 4-2.

CW

solute
solute = o (4-2)

solute

If ¢ 1 is 1 mol L2, then ¢ ;o= Pralue in mol L1 units. Furthermore, when the solvent is

an aqueous ionic solution, ¢, .= P .. in mol L™ units if the concentration of the solute in the

associated 1-octanol phase is 1 mol L™, By substituting these expressions into Equation 4-1, we

obtain Equation 4-3 which allows the calculation of K from partitioning coefficients.

Poiut
solute
RT In <P ol )

K= —— (4-3)
Calt

w
solute

and ¢,  of the different

solute

The C—H band areas in Figure 4-2 (b) are proportional to ¢

aqueous ionic solvents in the two-phase systems. Using the areas under the curves in Figure 4-2 (a),

w
solute

and ¢, can be calculated. After

which correspond to a total concentration of 1 mol L™, ¢ solute
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estimating the volumes in the two phases, followed by the analysis of the transfer of moles using
the law of conservation of mass, the number of moles of the solute in the 1-octanol phase was

determined. Once the concentrations in both phases are known the partitioning coefficients Py e

and P10 can be calculated. The values of P10 are tabulated in Table 4-2 according to the nature

of the aqueous ionic solvent. The P, value determined this way is 0.182 and it can not be used

for the determination of K due to the third phase that was formed in between the two phases. To

overcome this issue, it was assumed that Py .= 0.198, which is Py, of the two-phase system on

which HCI is in the aqueous ionic phase. This assumption is suggested after noticing that the

solubilities of 1H and 2H are about the same in water and in 1 mol L™ HCI.

Table 4-2. 12HD partitioning coefficients in different aqueous ionic solvents. The concentration
of salts and acids in the aqueous phase was 1 mol L2,

Aqueous Phase | PO
KCI 0.127
NaCl 0.132
LiCl 0.144
HCI 0.198
HBr 0.202

The Setschenow coefficient of aggregated 12HD species (K,) can be determined by

calculating AK from the measured influence of ions on the critical aggregate concentration

: : — is w 18
according to Equation 4-4, where Acac,jye = CaCgyute = CaCiolute-

Acac
AK =K,-K =RT <ﬂ> (4-4)

caclS CIS

solute “salt

is
solute

w

In the above expression, cac and cacg,,,. are the critical aggregate concentrations of the

is
solute

w

solute values

solute in the presence and absence of ions in the aqueous solution. The cac and cac
for 12HD were obtained from a previous investigation and ongoing experiments our group is
carrying out.'® cac, .. is 0.7 mol L™ while the cacl, . values are 0.45, 0.44, 0.49 mol L™* for
1 mol L™ KCI, NaCl, and LiCl aqueous solutions, respectively. For 2 mol L™ NaCl, LiCl, HCI,

and HBr aqueous solutions, cac’$ . are 0.33, 0.41, 0.63, and 0.66 mol L%, respectively.
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Figure 4-3. Salting out coefficients of 2H, 1H, 12HD (free), and 12HD (aggregated).

Figure 4-3 shows the dependence of K on the cation size for aqueous ionic systems where
the counterion is CI". Notice that for all the solutes studied the values of K are about the same when
the cations are Na* and K* within the errors associated with experiments. Specifically, for 2H, K
is ~1.4 kJ L mol2, while for 1H, K is ~1.2 kJ L mol?, and for free 12HD it has a value of
~1.0 + 0.2 kJ L mol 2. From these measurements, it is suggested that the salting out effect for all
these solutes has a maximum when the cation is either Na* or K*. For the case of Li", the values
of K are ~1.0, 0.9, and 0.8 + 0.2 kJ L mol 2 for 2H, 1H and free 12HD, respectively. When H* is
the cation, the K coefficients are negative in the case of 2H and 1H. By using Equation 4-4, K,
values, which correspond to the salting out effect of aggregated 12HD, were determined and
are ~0.3+0.2,0.2+0.2,0.2+0.2,-0.1 + 0.2, and -0.1 + 0.2 kJ L mol 2 for KCI, NaCl, LiCl, HCl,

and HBr, respectively. These results are also shown in Figure 4-3 and compared with K.

4.4 Conclusions

Raman-MCR spectroscopy was utilized to determine the influence of alkali-cations in the
salting out effect of 1H, 2H, free 12HD, and aggregated 12HD. The effect of changing the position
of the hydrophilic group or the addition of a second hydrophilic group do not significantly modify
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the magnitude and trend of the salting-out effect of the free amphiphilic species investigated. It is
generally observed that the salting-out effect goes through a maximum at Na*. However, for all
the solutes studied, the maximum occurs at both Na* and K*. These results could be specific to
these molecules which have approximately the same size and shape. Furthermore, we have
experimentally quantified the salting out of 12HD micelles, which happens to be significantly
smaller when compared to that of free 12HD monomers, except for the systems on which HCI and

HBr are present in the aqueous solvent.
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